Supplementary Information Text
Simulation Setup. The system and simulation parameters were set as similar as possible to the previous microsecond-long MD simulation (1) . The initial configuration of PP1-Src complex was constructed from the X-ray structure of unphosphorylated c-Src in active conformation (PDBID:1Y57) (2) . We replaced a co-crystalized inhibitor with PP1, where the crystal structure of an inactive form of Hck complex with PP1 (PDBID:1QCF) (3) was used as a template. The resultant PP1-Src complex displays nearly identical binding site interactions to those of the templated X-ray structure (Fig. S1 ). A sulfate ion as well as regions irrelevant to the current study (regions other than the kinase domain of residues 82-258) were removed. The PP1-Src complex was solvated by 7,698 water molecules and neutralized by six sodium cations. The system contains 27,549 atoms in a box with the dimensions of 76 Å×64 Å×56 Å.
All simulations were performed using a development version of the GENESIS program package (4, 5) . We used the AMBER ff99SB-ILDN (6, 7) and TIP3P (8) parameters for the protein and water molecules, respectively. The ligand parameters were obtained by using GAFF with AM1-BCC (9) . All bonds involving hydrogen atoms were constrained using the SHAKE algorithm (10) and water molecules were kept rigid using the SETTLE algorithm (11) . Particlemesh Ewald summation (12, 13 ) was used to evaluate long-range electrostatic interactions, while non-bonded interactions were truncated at a cutoff distance of 8 Å. The system was initially equilibrated in an NPT ensemble (310 K, 1 atm) for 1 ns by conventional MD simulation.
Langevin dynamics with a friction parameter of 1 ps -1 was used for temperature and pressure control (14) . A time step of 2 fs was used. The rest of the simulations were performed in an NVT ensemble (310 K), where the Langevin dynamics with a friction parameter of 1 ps -1 was used for temperature control (15) .
Two-Dimensional gREST/REUS Simulation.
Multidimensional REMD including replicaexchange umbrella sampling (REUS) and replica-exchange with solute tempering (REST) are described in refs (16, 17) and (18, 19) , respectively. A two-dimensional REST/REUS approach was successfully used to predict protein-ligand binding structures (20) . Briefly, in the first dimension a REUS simulation is carried out along the protein-ligand distance. The exchanges of restraining potentials help the ligand escape from the stable bound states, which hardly occurs in the conventional MD simulation. The second dimension further weakens the protein-ligand interaction by temperature replica exchange in a pre-defined solute molecule (typically a ligand molecule) using REST.
gREST/REUS is a simple extension of the original REST/REUS method. We replace the REST with a new scheme, referred to as generalized REST (gREST) (21) . The gREST provides a flexible framework for solute definition. The solute can be defined as either part of the molecule and/or part of potential energy terms. This allows us to define the solute region as any desired energy terms (such as dihedral angle and nonbonded energy terms) of the ligand and the binding site residues. This definition not only weakens the protein-ligand interactions but also makes the protein binding site residues more flexible and accelerates water diffusion near the binding pocket.
A comparison of the scaling of potential energy terms between the original REST/REUS and the present gREST/REUS is given in Table S1 . The gREST/REUS scales the nonbonded interactions between the ligand and the binding site residues (Site-Ligand (C, LJ)) more strongly than REST/REUS. The dihedral angle terms of the binding site residues (Site-Site (D)) are scaled only in gREST/REUS. gREST/REUS also scales the nonbonded interactions between the binding site residues and water molecules (Site-Water (C, LJ)). We show that this simple modification significantly enhances the sampling of binding and unbinding events.
In the present work, we defined the solute region as the dihedral angle and nonbonded energy terms of an inhibitor PP1 and ten binding site residues. The binding site residues were defined as the SITE residues (Leu15, Val23, Ala35, Ile78, Thr80, Glu81, Met83, Ser87, Leu135, and Asp146) in the X-ray structure (PDBID:1QCF). Eight replicas were used to cover the solute temperature range of 310 ~ 3,100 K (T = 310.0, 387.5, 492.1, 632.7, 837.8, 1,148.2, 1,631.6, and 3,100.0 K). The reaction coordinate (ξ) of the umbrella sampling simulation (REUS dimension) was taken as the distance between the centers of mass (COMs) of PP1 and the backbone heavy atoms of two binding site residues (Ala35 and Leu135). The ξ value in the X-ray structure (1QCF) Efficiency of gREST/REUS Simulation. We first compared the performance of the original REST/REUS (20) and gREST/REUS simulations of a 100 ns each per replica independently. In the simulations, the positions of protein atoms that are more than 10 Å away from PP1 position in the X-ray structure were restrained by a harmonic potential with a force constant of 1 kcal/mol/Å in both simulations, for simplify the comparison. We computed the minimum values of heavy atoms root mean-square displacement (RMSD) of the ligand PP1 from the X-ray structure (PDBID: 1QCF) in each replica for the simulations ( Fig. S2 and Table S2 ). The RMSDs for gREST/REUS are significantly smaller than those of REST/REUS in most of replicas. In gREST/REUS, on average, 67% of the replicas have the RMSD below 1.0 Å (Table S2) , three times higher than REST/REUS (22%). Fig. S3 shows representative trajectories that demonstrates binding and unbinding events regardless of the initial condition. gREST/REUS simulation samples roughly one hundred binding (and unbinding) events in total (144 replicas×0.67).
Fig. S4
shows free-energy profiles at 310 K along the PP1-Src distance (ξ) for the two simulations, obtained using the weighted histogram analysis method (WHAM) (22) . The profiles are shown while appending the data every 10 ns to demonstrate the convergence. The free-energy profile of gREST/REUS rapidly converges, while that of REST/REUS slowly changes until 100 ns. REST/REUS heats up only PP1 and likely samples irrelevant conformations. Nonetheless, the two simulations correctly predict the PP1-Src distance in the X-ray structure (ξ = 3.25 Å) as the most stable state in the free-energy profiles.
The superior performance of gREST/REUS can be ascribed to the enhanced flexibility of the structures and the interactions in the protein binding site. First, in gREST/REUS, the fluctuations of the binding site residues, which are relevant for drug potency and resistance (23, 24) , increase with solute temperature ( Fig. S5 and Movies S1 and S2). Second, interactions between the binding site residues and water molecules are weakened at high solute temperatures (Table S1) , and thereby water dynamics around the binding site becomes remarkably fast at the temperatures ( Fig. S6 ).
We also carried out gREST/REUS simulation of a 300 ns each per replica without the weak positional restraints on protein atoms. This simulation result was examined by all analyses in the main text. We find that 78% of the trajectories without the restraints hit the canonical binding pose, compared to 67% with restraints (Table S2 ). In addition, the simulation without the restraints rapidly converges within 100 ns ( Conventional MD Simulations. Conventional MD simulations were also performed for comparison. System setup and simulation parameters are identical to the ones described in Simulation Setup above except for two points. First, the simulation box contains ten PP1 molecules (~ 36 mM concentration, 45,311 atoms in total) in order to enhance the occurrence of binding events. Second, a weak repulsive potential was applied between PP1 molecules to avoid their aggregation. We performed three independent simulations (15 μs in total) and binding events were observed in two out of three simulations (after 4 μs and 3.2 μs in the first and second simulations, respectively). Following Shan et al., (1) we estimated the kon value to be 4.6 μM -1 , where a binding frequency of 0.16 μs -1 (2 binding / (4 μs + 3.2 μs + 5 μs)) was used.
Free Energy Analysis.
A set of two-dimensional free-energy landscapes were constructed along the reaction coordinate (ξ) and with either PP1 position or orientation with respect to the protein.
We define the position and orientation of PP1 using six anchor atoms (P1, P2 and P3 from the protein and L1, L2, and L3 from PP1) as done in the staged binding free energy calculations (25, 26) . Each anchor atom is defined using the COM of a group of atoms: ( Two-dimensional (θ/φ/α/β/γ, ξ) free-energy landscapes were constructed using the multistate Bennett acceptance ratio (MBAR) method (27) . First the ξ distribution of each of the 18 replicas at 310 K were obtained. Then, MBAR was used to calculate the weight factor for each snapshot.
The calculated weight factors were applied to the two-dimensional distribution. Free-energy landscapes were constructed by taking negative logarithm of the final distribution and multiplying by RT, where R is the gas constant and T is the temperature.
Clustering Analysis. The trajectory data at 310 K from gREST/REUS simulation was analyzed using standard k-means clustering algorithm in the GENESIS analysis tool, which uses Euclidean distance function to classify the structures into a predefined number of clusters (4, 5) . The distributions. In each calculation, the simulation was run for 1 ns per each λ (1 ns×32 windows × 12 calculations = 384 ns in total). Finally, the free energy differences, ∆ )*+,-./ and ∆ 1*-23%*& , are estimated using Bennett's Acceptance Ratio (BAR) method (32) . The initial 100 ps of data was discarded from the final averaging. The results are summarized in Table S3 .
Although the binding free energy value of the canonical pose (pose I) agrees with the value obtained by converting the experimental IC50 (170 nM, assuming Kd = IC50) (33), we consider this a coincidence considering the crude assumption. In pinciple, the observed Kd involves contributions from all possible binding poses. For a precise estimation of the binding free energy, we consider multiple binding poses as follows (34):
We considered the canonical pose I and semi-bound poses II, III, IV and V, thus n = 5. The obtained value of -8.5 kcal/mol is in reasonable agreement with the experimental IC50. Table S3 . Binding free energy. The calculated absolute binding free energy of each pose (∆ $%&' ) and the weighted average (∆ +$, ) of multiple poses in kcal/mol together with the experimental IC50. 
